Reaction of tri(2-furyl)phosphine (PFu3) with [Re2(CO)10−n(NCMe)n] (n = 1, 2) at 40 °C gave the substituted complexes [Re2(CO)10−n(PFu3)n] (1 and 2), the phosphines occupying axial position in all cases. Heating [Re2(CO)10] and PFu3 in refluxing xylene also gives 1 and 2 together with four phosphido-bridged complexes; [Re2(CO)8−n(PFu3)n(μ-PFu2)(μ-H)] (n = 0, 1, 2) (3-5) and [Re2(CO)6(PFu3)2(μ-PFu2)(μ-Cl)] (6) resulting from phosphorus-carbon bond cleavage. A series of separate thermolysis experiments has allowed a detailed reaction pathway to be unambiguously established. A similar reaction between [Re2(CO)10] and PFu3 in refluxing chlorobenzene furnishes four complexes which include 1, 2, 6 and the new binuclear complex [Re2(CO)6(η 1 -C4H3O)2(μ-PFu2)2] (7). All new complexes have been characterized by a combination of spectroscopic data and single crystal X-ray diffraction studies.
Introduction
Interest in the chemistry of tri(2-furyl)phosphine (PFu3) stems from its potential to behave as a functionalized phosphine which has importance in transition metal catalysis. [1] [2] [3] [4] [5] [6] [7] [8] Thus, it is well-known that heterodifunctional ligands show interesting properties such as selective binding to metal ions of different types, dynamic behavior via reversible dissociation of the weaker metal-ligand bond or stereoelectronic control of the coordination sphere of the metal. 9 The chemistry of phosphine ligands bearing thienyl and pyrrolyl substituents has been widely investigated due to their respective importance in the hydrodesulfurization 10 and hydrodenitrogenation [11] [12] [13] [14] processes, and some recent developments show the striking reactivity of these phosphines towards metal carbonyl clusters. [15] [16] [17] For example, the reactivity of metal carbonyls of the iron triad with functionalized phosphines such as Ph2PTh (Th = 2-thienyl), [17] [18] [19] [20] Th2PPh, 21 diphenyl(benzothienyl)phosphine, 21 PTh3, 16, 22, 23 diphenyl(2-pyridyl)phosphine [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and 2-indolylphosphine 36 has been studied by several groups, revealing that the presence of the second coordinating atom provides a diversity of coordination modes with transition metal clusters.
By way of comparison, little attention has been paid to the reactivity of polynuclear metal carbonyls and furan-containing phosphines. Wong et al. have recently reported formation of the diruthenium complex [Ru2(CO)6(μ-η 1 ,η 2 -C4H3O)(μ-PFu2)], from the reaction between [Ru3(CO)12] and PFu3 at 67 °C. It results from carbon-phosphorus bond cleavage, the dissociated furyl group being coordinated to the diruthenium centre in a σ,π-vinyl fashion. 37 The reactivity of [Ru2(CO)6(μ-η 1 ,η 2 -C4H3O)(μ-PFu2)] with alkynes 37 and diphosphines 38 was also documented, while we independently demonstrated its reactivity with various two-electron donor ligands, including P(OMe)3, PFu3, Bu t NC and EPh3 (E = P, As, Sb). 39 Wong and co-workers have also reported a series of tetraruthenium compounds containing furyl, furyne, phosphido and phosphinidine ligands from the reaction of PFu3 with [Ru4(μ-H)4(CO)12]. 40 We recently reported details of the reaction between tri(2-thienyl)phosphine (PTh3) and the dirhenium complexes [Re2(CO)10−n(NCMe)n] (n = 0, 1, 2) in which a series of mono-and dirhenium complexes were obtained by carbon-phosphorus and carbon-hydrogen bond activation of the ligand (A-I, Chart 1). 41 As part of a study on the reactivity of functionalized phosphines with transition metal carbonyls we have now examined the reactivity of PFu3towards dirhenium carbonyl compounds and observe that the reactivity of PFu3 towards rhenium carbonyls is somewhat different from its sulfur analogue.
Details of this work are described in this paper. 
Experimental
[Re2(CO)10] was purchased from Strem Chemicals Inc. and used without further purification and [Re2(CO)9(NCMe)] and [Re2(CO)8(NCMe)2] were prepared according to the published procedures. [42] [43] [44] Tri(2-furyl)phosphine was purchased from Aldrich Chemical Co. and used as received. All reactions were carried out under a nitrogen atmosphere using standard Schlenk techniques. Reagent-grade solvents were dried by standard methods prior to use. Infrared spectra were recorded on a Shimadzu FTIR 8101 spectrophotometer. NMR spectra were recorded on Bruker DPX 400 and Varian Inova 500 instruments. Elemental analyses were performed by Microanalytical Laboratories, University College London.
Reaction of [Re2(CO)9(NCMe)] with PFu3
PFu3 (62 mg, 0.267 mmol) was added to a benzene solution (20 mL) of [Re2(CO)9(NCMe)] (114 mg, 0.171 mmol) and the mixture was heated to reflux for 6 h. 
Reaction of [Re2(CO)10] with PFu3 in chlorobenzene

Thermolysis of 1
A xylene solution (10 mL) of 1 (35 mg, 0.041 mmol) was heated to reflux for 3 h. Work-up and chromatographic separation as above gave three bands. The first and third bands gave 3 (12 mg, 39%) and 2 (3 mg, 7%), respectively, while the second band was unconsumed 1 (6 mg).
Thermolysis of 2
A similar thermolysis of 2 (15 mg, 0.014 mmol) in xylene (10 mL) for 6 h. followed by similar chromatographic separation gave 4 (2 mg, 15%), 5 (6 mg, 36%) and unconsumed 2 (2 mg).
Conversion of 3 to 4
To a xylene solution of 3 (10 mg, 0.013 mmol) was added PFu3 (3 mg, 0.013 mmol) and the mixture was then heated to reflux for 4 h. The solvent was removed under reduced pressure and the residue chromatographed by TLC on silica gel. Elution with hexane/CH2Cl2 (7:3, v/v) gave 4 (4 mg, 39%).
Conversion of 4 to 5
PFu3 (3 mg, 0.013 mmol) was added to a xylene solution of 4 (13 mg, 0.013 mmol) the mixture was then heated to reflux for 4 h. A similar workup as above gave 5 (7 mg, 43%).
X-ray crystallographic study
Single crystals of compounds 1-7 suitable for X-ray diffraction were obtained by recrystallization from hexane/CH2Cl2 at room temperature and mounted on Nylon fibers with a mineral oil, and diffraction data were collected at 100(2) K -except for compound 2 which was studied at 233 K because of a phase transition that occurred at ca. 230 K -on a Bruker AXS SMART diffractometer equipped with an APEX CCD detector using graphite-monochromated Cu Kα radiation (λ = 1.54178 Å). Integration of intensities and data reduction was performed using the SAINT program. 45 Numerical (based on the real shape of the crystals) absorption correction was applied in all cases followed by the multiscan SADABS procedure. 46 The structures were solved by direct methods 47 and refined by full-matrix least squares on F 2 . 48 All non-hydrogen atoms were refined anisotropically (Tables 1 and 2 ). single-crystal X-ray diffraction analyses. The pattern of their IR spectra are similar to those of known mono-and di-substituted dirhenium phosphine complexes. [41] [42] [43] [44] 49 In the 1 H NMR spectra, both 1 and 2 display three equal intensity multiplets in the aromatic region, while in the 31 being isostructural with 4 and 5, respectively. 51 Further, using toluene-d8 as solvent they were able to
show that the source of the bridging hydride is notthe solvent, but rather originates from a PPh3 ligand. 51 Scheme 2. Spectroscopic data for 7 indicate that it exists in two isomeric forms in solution (Chart 2). Thus, the 31 P{ 1 H} NMR spectrum displays three resonances at δ = 92.0, 91.1 and 90.5 with relative intensities of 1.5:1:1. We assume that the singlet at δ = 92.0 belongs to the isomer that is found in the solid state (7a) whereas the singlets at δ = 91.1 and 90.5 are assigned to a second isomer that we designated as 7b (Chart 2). Complex 7 results from the oxidative addition of two carbon-phosphorus bonds to the dirhenium centre. In many ways it is a product that might be expected to form given the known propensity for cleavage of this bond, but we have not seen such a product in our previous studies. 41 Indeed we have not seen any products previously containing the Re2(μ-PR2)2 core. This sub-unit is fairly common, the best studied example being [Re2(CO)8(μ-PPh2)2], 52,53 although here, and in all related complexes, there is no direct rhenium-rhenium contact. 53 Most closely related to 7 are carbene complexes [Re2(CO)6{ CR 1 (OR 2 )}2(μ-PPh2)2] (Chart 3) which also exist as a mixture of cis and trans isomers, the rhenium-carbon bond lengths being somewhat shorter [Re-C ca. 2.08-2.12 Ǻ]. 54, 55 Why complex 7 should result when the thermolysis was carried out in chlorobenzene but not in xylene remains unclear. It may be that the latter provides a source of protons which results in reductive elimination of the furyl group as furan, while in chlorobenzene this pathway is prohibited.
Less surprising is the increasing yield of chloro-bridged 6 (from 7% to 13%) upon using chlorobenzene and the complete absence of hydrides 4 and 5.
Chart 2.
Chart 3.
From the experiments described above, a clear picture of the reaction pathway between [Re2(CO) 10] and PFu3 in refluxing xylene becomes apparent (Scheme 4). It is also clear that the di(2-furyl)phosphide ligand stabilizes the dinuclear framework from degradation under forcing conditions by retaining the rhenium-rhenium bond and that it thus can be utilized in the synthesis of dirhenium complexes under vigorous reaction conditions. In all of these transformations, furyne is formally eliminated. This is not a stable entity and we have been unable to detect any organic side-products. A major difference between the chemistry described herein and the related PTh3 chemistry 41 
